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Abstract:
Water absorption of an epoxy resin was studied by steady-state fluorescence spectroscopy and 
gravimetry. It was found that the intrinsic emission of the epoxy resin could be modified selecting an 
adequate excitation wavelength. The epoxy component of the resin was labelled with a trans-4-
nitro-4' -aminostilbene fluorescent probe. Using an excitation wavelength of340nm it was possible to 
induce energy transfer to the suitable acceptor trans-4-nitro-4' -dialkylaminostilbene (NDAS). The 
relative fluorescence intensity /433/1596 was used as a convenient means to follow the quenching effect of 
water on the emission ofNDAS when excited via energy transfer. It was found that both the relative 
intensity and the water content increase linearly with the square root of diffusion time in the early 
stages of the process. The apparent Stem-Volmer constants for the quenching of the fluorophore, 
when excited directly in a fluid THF solution or in the polymer matrix, were very similar but lower than 
when the fluorophore was excited via energy transfer. It was concluded that, at least in the early stages 
of the water diffusion process, the interchromophoric distance should increase.
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INTRODUCTION 
Water absorption is an important phenomenon in 
polymers and composite materials and has a number 
of effects on their properties. For example, the 
presence of water degrades the matrix/reinforcement 
interface in composites due to the high surface energy 
of the fibre surfaces. 1'2 In bulk polymer materials and
coatings the main effect of water is the plastification of 
the polymer with the associated lowering of thermal 
and mechanical properties. 3-5 The water uptake of
epoxy resins has been traditionally studied by gravi­
metric methods. More recently, FTIR,5 FT-NIR6 and 
fluorescence 7 '8 have been applied to monitor this
phenomenon. In this paper we propose to make use of 
the intrinsic photophysical properties of bisphenol A 
diglycidyl ether epoxy polymers (DGEBA) and, 
specifically, their donor behaviour against a suitable 
fluorescent label such as trans-4-nitro-4' -aminostil­
bene (NAS). 
EXPERIMENTAL 
Trans-4-nitro-4'-aminostilbene (NAS) was prepared 
by reduction of trans-4,4'-dinitrostilbene according to 
a method described elsewhere. 9 The labelling reaction
of the epoxy component (bisphenol A diglycidyl ether, 
DGEBA, Aldrich) with 4-nitro-4'-aminostilbene con­
sisted of the addition reaction between the aromatic 
amine of the label and the epoxide group: in the 
labelling reaction NAS is transformed into 4-nitro-4'­
dialkylaminostilbene (NDAS). The structure of the 
labelled epoxy-(NDAS) is presented in Scheme I. The 
labelling reaction was carried out mixing appropriate 
amounts of both components and stirring for 16 h at 
160 °C; the efficiency of the labelling was followed by 
TLC and SEC. The labelling experimental conditions 
were set after studying a model reaction between NAS 
and a monofunctional epoxy molecule (PEG, phenyl 
glycidyl ether) of similar reactivity present in great 
excess (10:1 mole fraction). According to TLC, two 
Scheme 1. Chemical structure of DGEBA- labelled with trans-4-nitro-4'­
dialkylaminostilbene. 
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spots were obtained at the beginning of the reaction, 
corresponding to free NAS and free PEG 
(�(PEG)= 0.44 �(NAS) = 0.26 in hexane/ethyl acet­
ate/ethanol l: l :0.3). As reaction proceeded, two more
spots (�(NAS+ lPEG) =0.20, �(NAS+2PEG) =
0.05) appeared, corresponding to the addition of one
and two molecules of PEG. At long reaction times, but
less than 16 h, the spots corresponding to free NAS
and NAS + lPEG disappeared leaving the spot with
�= 0.05. It was concluded that, under such condi­
tions, the reaction mixture did not contain any
unreacted fluorescent label and that all the labels
contained two epoxide groups. The concentration of
label in the DGEBA was 1.2 x 10-3 mol kg- 1 of epoxy.
The selected epoxy system was a commercial 
formulation supplied by Gairesa SA (Spain), Bepox 
626. The first component of this formulation was a
mixture of DGEBA (10% w/w) and the product of
reaction between bisphenol A epoxy resin and a long­
chain epoxydized polyol. An aduct of meta-xylene
diamine was used as hardener. A small amount of
labelled first component was dissolved in the un­
labelled component to achieve the desired final label
concentration of 1. 72 x 10-4 mol kg- 1 of resin. The
solution was mixed stoichiometrically with the second
component, degassed at vacuum for 5 min, cured at
room temperature for 24 h in an open mould, and
subsequently postcured at 60 °C for 1 h. The glass
transition temperature of the fully cured system was
54 °C as determined by DSC (Perkin Elmer, lOK
min- 1). 
Water uptake was determined gravimetrically at 
22 °C on rectangular specimens of dimensions 
375x lOx l.lmm3• Prior immersion in high purity 
water (Barnstead, UK), specimens were cleaned with 
trichloroethylene to remove traces of the releasing 
agent used in the mould. The weight of specimens was 
determined as a function of immersion time and the 
amount of water determined as %w = I 00 x (m0 -
m)/m0, where m0 and m are the initial and actual 
weights of the specimens, respectively. Special care 
was taken to store samples in dark before and during 
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Figure 1. Emission fluorescence spectra of bulk DGEBA at various 
excitation wavelengths ranging from "exc=291 nm (1) to 361 nm (8). 
the water uptake experiments to avoid induction of the 
cis-trans photoisomerization process. 
Fluorescence measurements were performed on an 
Edinburgh Instruments (UK) fluorimeter equipped 
with monochromators in both the excitation and 
emission channels. Excitation light of 340 or 420 nm 
was provided by a 400-watt xenon lamp. Emission and 
excitation slits were set at 2nm. Corrected fluor­
escence spectra were recorded using the standard 
fibre-optic accessory in the range 350-670nm. Con­
trol experiments checked that the absorbed light at 
340 nm under the optical conditions of the spectro­
meter was not enough to photoinduce photoiso­
merization. 
RESULTS AND DISCUSSION 
The unlabelled epoxy first component presents an 
intrinsic fluorescence dependent on emission or 
excitation wavelengths, which is associated with the 
presence of DGEBA units. In Figs 1 and 2, emission 
and excitation spectra of pure DGEBA are presented 
as a function of excitation or emission wavelength. In 
solution, DGEBA presents an absorption band at 
291 nm and a relatively narrow emission band centred 
at 300nm. In the bulk state the emission band is 
shifted towards 320 nm and the corresponding absorp­
tion shifts about 10 nm to the red, as can be observed 
in graph (2) of Fig I, where that emission band is only 
observed when excited at 301 nm. In the bulk state, 
epoxy fluorescence presents other interesting features 
such as, for example, a broadening and continuous 
shifting to the red of its emission as excitation is 
increased from 301 nm; at the same time, emission 
intensity decreases with excitation wavelength. The 
excitation spectra, presented in Fig 2, show that the 
intrinsic emission of epoxy component has two 
contributions: a contribution from species absorbing 
at 301 nm and a contribution from species that absorb 
in a wider wavelength range. As a tentative explanation 
of the observed behaviour we suggest that absorbance 
at 301 nm corresponds to isolated DGEBA units; the 
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Figure 2. Excitation fluorescene spectra of bulk DGEBA at various 
emission wavelengths ranging from ).em=300nm (1) to 440nm (7). 
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Figure 3. Normalized emission ().exc=340nm) spectra of NDAS-labelled 
epoxy ([NDAS]=1.72 10-•mol kg-1) and excitation spectrum 
(} .• m=600nm) before immersion (l=Oh) and emission spectra 
(}.exc=340nm) at various water immersion times. 
second contribution may be assigned to DGEBA 
ground-state aggregates. To the authors' knowledge, 
only in Reference 10  is a similar assignment reported 
although the contribution of a triplet excimer is also 
mentioned. The excitation-dependent emission beha­
viour may be associated with the aggregation number 
of DGEBA units and some advantage can be taken 
from it as an intrinsic source for energy-transfer 
experiments. 
Figures 1 and 2 show that if bulk epoxy resin is 
excited at 340nm, a broad emission can be observed at 
around 400 nm, a wavelength range in which the 
NDAS label strongly absorbs, and almost no emission 
at 600nm, where NDAS strongly emits 
The em1ss10n (Aexc = 340 nm) and excitation (A.em = 600 nm) spectra of epoxy resins labelled with NDAS before immersion and the emission spectra at 
different immersion times are presented in Fig 3. The 
emission spectrum obtained before immersion (t = 0) 
consists of two broad bands centred at approximately 
430nm and 600nm. The first band, according to Fig 
1, should be assigned to the intrinsic emission of the 
epoxy matrix; the second should be assigned to 
emission of the NDAS moiety. NDAS has a chemical 
structure very similar to that of trans-4-nitro-4' -
dimethylaminostilbene (DMANS) whose photophysi­
cal properties have been reported11' 12 and that has 
been recently used for monitoring polymerization 
reactions.13' 14 NDAS essentially differs with respect 
to DMANS in the length of the alkyl substituent of the 
aromatic amino group. Its fluorescence properties 
should be therefore very similar. For example, an 
absorption maximum for DMANS at 419nm and an 
emission maximum at 616 nm in THF were re­
ported 13, which are almost coincident with data for 
NDAS presented in this work, as can be seen in figure 
3. Excitation spectrum (Fig 3) at .A.exc = 600 nm consistsof two overlapped bands. The blue-shifted band
(around 380nm) is assigned to the absorption of
epoxy aggregates (Fig 2) and the red-shifted band
(around 450 nm) corresponds to the residual absorp­
tion of the NDAS. Therefore, it can be concluded 
from Fig 3 that epoxy aggregates may act as donors 
and NDAS moieties as acceptors of electronic energy 
in the bulk state. 
DMANS and NDAS belong to the group of D-n-A 
polyenes for which a TICT state has been estab­
lished.15 Due to the high excited-state dipole moment, 
in highly polar environments, such as water, excited 
states are quenched. If absolute fluorescence intensity 
methods are used, the quenching by water precludes 
the use of these molecules as water sensors. 13 However 
in this case, since the epoxy component provides a 
continuous source of electronic energy, calculation of 
the relative variation of acceptor emission intensity 
may be a convenient method for monitoring water 
absorption. 
In Fig 3, the emission spectra of NDAS-labelled 
epoxy are presented at several immersion times (0, 1, 
2, 24 and 96h) in water. It can be seen that, as 
absorption of water takes place, the relative emission 
intensity of NDAS moiety decreases. In Fig 4, the 
amount of absorbed water as measured gravimetrically 
and the relative fluorescence intensity 143/1596 as a function of the square root of immersion time are 
presented. 
Water absorption is commonly studied as a diffu­
sion-controlled process. Solving Fick's law under the 
appropriate boundary conditions16 (sheet of infinite 
length), it is possible to find a linear relationship 
between the amount of absorbed water and the square 
root of the diffusion time, as obtained for the 
experimental data in Fig 4. 
Alternatively, emission spectra of NDAS were 
obtained using direct excitation at 420nm. The 
fluorescence spectra (not shown) were very similar to 
the red part of the spectra presented in Fig 3. A 
decrease of fluorescence intensity in parallel behaviour 
to that depicted in Fig 3 was also found. Analysis of the 
quenching effect of water on emission of NDAS, either 
with direct excitation or via energy transfer, was made 
in terms of Stern-Volmer plots presented in Fig 5. In 
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Figure 4. Relative fluorescence intensity (A) and% water uptake (D) of 
BP626 epoxy resin doped with NAS as a function of the square root of the 
immersion time in distilled water at 23 °C. 
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Figure 5. Stern-Volmer plots of the water quenching of NDAS-labelled 
epoxy resin: (D) energy-transfer excitation at 340nm; (0) direct excitation 
at 420nm. 
the water concentration interval. studied, there is a 
. linear trend for both ranges of data but the slopes are 
notably different. The slope corresponding to the data 
obtained by direct excitation should be related to the 
quenching constant of water, if appropriate units are 
used. If excitation is made via energy transfer, a greater 
slope than this is obtained. In separate experiments, 
the quenching effect of water on NAS was studied in 
THF solutions and a slope of 2.0 was obtained. 
Therefore, the apparent quenching constants in fluid 
solution (NAS) and in a rigid matrix (NDAS) are very 
similar, suggesting that the same static quenching 
mechanism operates. 
In the case of excitation via energy transfer, in 
addition tQ the quenching of NDAS excited state a 
second phenomenon could explain the high slope 
obtained in Fig 5. Efficiency of energy transfer strongly 
depends on donor-acceptor distance. The rate con­
stant for energy transfer inversely depends on the sixth 
power of the donor-acceptor distance. 17 Slight per­
turbation of the interchromophoric distance due to 
some swelling of the matrix may decrease the 
efficiency of energy transfer consequently increasing 
the ratio 143/1596. This phenomenon opens a new 
perspective to study the dynamics of water diffusion in 
polymer matrices. 
CONCLUSIONS 
The characteristic em1ss10n of epoxy resins can be 
modified by selecting an adequate excitation wave­
length and can be used as a donor source for energy-
transfer experiments with a trans-4-nitro-4-dialkyl­
aminostilbene fluorescent moiety. 
For the donor-acceptor pair studied in this work, 
the relative emission 1433/1596 has been proved to be a 
suitable index for monitoring water uptake phenom­
ena. It was found that both the relative intensity and 
the water content increase linearly with the square root 
of diffusion time in the early stages of the process. 
The apparent quenching constants have been 
measured in three cases: using direct excitation of 
the fluorophore in fluid solution, using direct excita­
tion of the fluorophore in the solid polymer matrix, 
and exciting the fluorophore via energy transfer. In the 
first two cases, the apparent quenching constants were 
very similar but lower than in the third case. This 
deviation was explained by considering the increase of 
the interchromophoric distance as water enters the 
polymer matrix. This finding opens a new perspective 
to study the dynamics of the water diffusion process. 
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